Subgenome integrity in bread wheat (Triticum aestivum; BBAADD) makes possible the extraction of its BBAA component to restitute a novel plant type. The availability of such a ploidy-reversed wheat (extracted tetraploid wheat [ETW]) provides a unique opportunity to address whether and to what extent the BBAA component of bread wheat has been modified in phenotype, karyotype, and gene expression during its evolutionary history at the allohexaploid level. We report here that ETW was anomalous in multiple phenotypic traits but maintained a stable karyotype. Microarray-based transcriptome profiling identified a large number of differentially expressed genes between ETW and natural tetraploid wheat (Triticum turgidum), and the ETW-downregulated genes were enriched for distinct Gene Ontology categories. Quantitative RT-PCR analysis showed that gene expression differences between ETW and a set of diverse durum wheat (T. turgidum subsp durum) cultivars were distinct from those characterizing tetraploid cultivars per se. Pyrosequencing revealed that the expression alterations may occur to either only one or both of the B and A homoeolog transcripts in ETW. A majority of the genes showed additive expression in a resynthesized allohexaploid wheat. Analysis of a synthetic allohexaploid wheat and diverse bread wheat cultivars revealed the rapid occurrence of expression changes to the BBAA subgenomes subsequent to allohexaploidization and their evolutionary persistence.
INTRODUCTION
Polyploidy (whole-genome duplication [WGD] ) is ubiquitous in the evolution of angiosperms, as all extant flowering plants harbor WGD signatures in their genomes (Soltis and Soltis, 2009; Amborella Genome Project, 2013; Madlung, 2013) . Allopolyploidy (coupling WGD with interspecific hybridization) in particular has played a significant role in the speciation of vascular plants, including major agricultural crops (Feldman et al., 1995; Wendel, 2000; Soltis and Soltis, 2009; Renny-Byfield and Wendel, 2014) . Given sufficient time, structural genetic diploidization or physical fractionation (selective loss and retention of genes and noncoding DNAs) at the genome-wide scale leading to paleopolyploidy is a common outcome of all WGDs (Birchler, 2012; Freeling et al., 2012; Pont et al., 2013; Roulin et al., 2013) . In the initial generations following allopolyploidy, however, diverse genetic, epigenetic, and structural subgenome modifications arise, presumably to facilitate functional coordination between the duplicated divergent subgenomes (Madlung and Wendel, 2013) . Indeed, an array of investigations in diverse plant taxa have documented that allopolyploidization induces a cascade of rapidly occurring genomic modifications as well as alterations in gene expression (reviewed in Wendel, 2000; Comai, 2005; Chen, 2007; Otto, 2007; Doyle et al., 2008; Jackson and Chen, 2010; Soltis and Soltis, 2012) . It has been suggested that the degree of robustness to these rapid genomic and expression changes may determine the fates of the newly formed allopolyploid individuals, as new species or on a path to extinction (Chelaifa et al., 2010; Buggs et al., 2011; Hegarty et al., 2013; Madlung, 2013) . Notwithstanding these many studies, to date the biological effects associated with specific modifications of a subgenome(s) in isolation, for a given allopolyploid species, remain unclear.
The origin of allohexaploid bread wheat (Triticum aestivum) involved two sequential allopolyploidization events. First, allotetraploidization between two diploid species, represented by modern Triticum urartu (genome AA) and a yet undiscovered or extinct goatgrass species closely related to the Sitopsis section of Aegilops (genome SSBB), led to the origin of allotetraploid wheat 0.36 to 0.5 million years ago (Dvo rák, 1976; Huang et al., 2002; Dvorak and Akhunov, 2005) (Figure 1 ). Second, allohexaploidization ;10,000 years ago between a primitive form of domesticated tetraploid wheat (closely related to Triticum turgidum subsp durum) and goatgrass (Aegilops tauschii; genome DD) led to the formation of bread wheat (Feldman et al., 1995; Salamini et al., 2002) (Figure 1 ). The allopolyploidization event at the hexaploid level can be reproduced in the laboratory by crossing the corresponding progenitor species and inducing WGD in the F1 hybrids. Thus, to an extent, the initial stage of the evolutionary trajectory associated with the speciation of T. aestivum can be recapitulated in newly synthesized allohexaploid wheat (Figure 1) .
A series of studies in newly synthesized wheats have shown that extensive changes in gene expression arise during the early generations following allopolyploidization (reviewed in Li et al., 2014) . In addition, studies of natural bread wheat cultivars indicate that homoeolog-specific gene silencing, subfunctionization, and subgenome-specific alternative splicing are prevalent (Bottley et al., 2006; Akhunova et al., 2010; Akhunov et al., 2013) . Structurally, however, the three constituent subgenomes of bread wheat remain largely intact, with only a few intersubgenome translocations (Jiang and Gill, 1994) , presumably owning to the presence of the Ph1 locus, which ensures exclusive homologous chromosome pairing in meiosis (Griffiths et al., 2006) . Because of these attributes, it is feasible to extract the BBAA component from bread wheat by hybridization to a tetraploid wheat, followed by repeated backcrossing to the hexaploid wheat (TAA10) as the recurrent parent, to construct a ploidy-reversed (from hexaploid to tetraploid) "extracted" tetraploid wheat (ETW) with a genomic composition of BBAA that is virtually identical to the BBAA subgenomes of its bread wheat donor (Kerber, 1964 ).
An intriguing but barely explored issue in allopolyploid genome evolution is whether and to what extent allopolyploidy induces karyotypic, genomic, and transcriptomic changes to its constituent subgenomes, as well as ancillary questions about the timing of these changes and their biological consequences. These issues can be addressed if the constituent subgenome(s) of a given allopolyploid organism remain largely intact and, hence, can be extracted to restitute an independent organism, as shown Diagrammatic illustration of the divergent speciation of diploid progenitor species (containing A, S [B] , or D genomes) of polyploid wheat, the evolutionary trajectories and/or domestication processes of natural tetraploid and hexaploid wheats, and the construction (dashed arrows) of the three synthetic polyploid wheat lines used in this study. The synthetic wheat lines (shaded) included an ETW containing the BBAA genomes of a bread wheat cultivar, a resynthesized allohexaploid (XX329) produced by crossing ETW and Ae. tauschii followed by WGD, and a newly synthesized allohexaploid (Allo960) produced by crossing T. turgidum and Ae. tauschii followed by WGD. The estimated evolution or domestication timing is according to Feldman et al. (1995) , Huang et al. (2002) , and Dvorak and Akhunov (2005) .
[See online article for color version of this figure.] for hexaploid bread wheat. If alterations in karyotype, genomes, and gene expression did not occur to the BBAA component of bread wheat during its history in an allohexaploid nucleus, then extracted BBAA individuals should be little modified from the original hybridizing parental species containing the BBAA genomes. If, on the other hand, alterations in karyotype, genome, and/or transcriptome have arisen during this period, then the extracted BBAA subgenomes should be phenotypically and genomically distinct from the original founder progenitor tetraploid.
Some evidence suggests that the latter scenario is most likely. First, genomic and gene expression analyses indicate that the BBAA subgenomes have been modified by the added DD subgenome following allohexaploidization (Pont et al., 2011 (Pont et al., , 2013 . Second, independent structural subgenome evolution in an allopolyploid genomic environment may also generate heritable modifications to subgenome expression timing in the allohexaploid environment (Adams et al., 2003) . In fact, the abnormal phenotypes of ETW (Kerber, 1964) provide de facto evidence that alterations in gene expression and/or function have occurred to the BBAA subgenomes of bread wheat during its history at the allohexaploid level. Third, resynthesized allohexaploid wheat (parented by an ETW) was found to exhibit mostly additive gene expression (Chelaifa et al., 2013 ; but see Akhunova et al., 2010) , which contrasts with the higher proportions of nonadditive expression generally found in different newly synthesized allohexaploid wheats parented by normal tetraploid wheats (Pumphrey et al., 2009; Chagué et al., 2010; Qi et al., 2012; Li et al., 2014) ; these observations suggest fundamental differences between ETW and its natural counterpart.
The availability of a fully ETW, a resynthesized allohexaploid wheat (parented by ETW), a newly synthesized allohexaploid wheat (parented by natural tetraploid wheat), and representative natural tetraploid and hexaploid wheat genotypes provides a tractable system with which to systemically address the issues of whether and to what extent changes to karyotypic stability and gene expression of the BBAA component of bread wheat have occurred due to a history at the allohexaploid level. Here, we detail these changes and their phenotypic consequences.
RESULTS

Extracted Allotetraploid Wheat Has a Stable Karyotype but Exhibits Aberrant Phenotypes
ETW contains a BBAA genome that is virtually identical to the BBAA subgenomes of its allohexaploid bread wheat donor (T. aestivum cv Canthach; designated as TAA10), from which it was extracted via hybridization and nine cycles of backcrossing ( Figure 2A ; Kerber, 1964) . Thus, in theory, the genome (BBAA) of ETW should be >99.8% identical to the BBAA subgenomes of its bread wheat donor after the ninth backcross [1 2 (1/2 9 )]. For the same reason, other types of de novo genomic changes, if they occurred in the BBAA component during the initial hybridization between tetraploid wheat and hexaploid wheat (line TAA10) and/or in the process of backcrossing of the resultant pentaploid with TAA10 as the recurrent parent, should have been eliminated during nine cycles of backcrossing. ETW showed high stability in karyotype: no aneuploidy or gross chromosomal rearrangements were detected among 150 plants randomly taken from three consecutive selfed generations by sequential fluorescent in situ hybridization (FISH) and genomic in situ hybridization (GISH) analyses (Figures 2B and 2C; Supplemental Figure 1 ). This combined FISH/ GISH karyotyping enables unequivocal identification of each of the 21 homologous chromosome pairs in hexaploid wheat (Zhang et al., 2013b) as well as efficient diagnosis of structural rearrangements (Xiong et al., 2011; Chester et al., 2012) . For example, various kinds of small intergenomic rearrangements (including reciprocal exchanges and unidirectional homoeologous transfer) between subgenomes A and D or S (B) and D in two newly synthesized allotetraploid wheat lines with genome combinations AADD (T. urartu 3 Ae. tauschii) and SSDD (Aegilops bicornis 3 Ae. tauschii), respectively, can be readily detected by FISH/GISH karyotyping (Zhang et al., 2013a; Supplemental Figure 2) . Therefore, the FISH/GISH results of ETW indicated that aneuploidy and intergenomic exchanges involving large chromosomal segments translocated from D to B or A, or between B and A subgenomes, did not occur after eliminating the DD subgenome ( Figure 2B ; Supplemental Figure 1 ). This is consistent with the earlier meiotic data of Kerber (1964) , who found no evidence for intergenomic homoeologous paring in the intermediate pentaploid (BBAAD) . Together, it is clear that elimination of the DD subgenome in bread wheat did not compromise karyotype stability. Although pollen contamination to ETW during backcrossing or selfing by a normal tetraploid wheat can explain this result, this possibility is ruled out because this would immediately be noted by the distinct phenotype of the resulting F1 hybrid (Supplemental Figure 3) .
The karyotype stability of ETW was also manifested in the resynthesized allohexaploid wheat (XX329) with ETW as the maternal parent and Ae. tauschii as the paternal parent (Kerber, 1964;  Figure 2A ), as XX329 also showed high karyotype stability with a low frequency (<1%) of aneuploidy and no gross structural rearrangements in 150 karyotyped individuals randomly taken from three consecutive generations ( Figure 2C ; Supplemental Figure 1 ). This high karyotype stability in XX329 provides a contrast with newly synthesized allohexaploid wheats parented by natural tetraploid wheat (T. turgidum), in which whole-chromosome aneuploidy was found to occur frequently (Zhang et al., 2013b) . Together, the karyotyping data suggested that the property of karyotype stability that evolved in allohexaploid bread wheat is maintained in its extracted BBAA component. This is in line with recent findings in the genetic control of meiotic regularity in an adapted natural allopolyploid of Arabidopsis thaliana, in the sense that the controlling genetic factor(s) exerts its effect irrespective of altered genetic backgrounds (Henry et al., 2014) . Therefore, it appears that different genes or pathways have evolved to serve the purpose of karyotype stabilization by similar mechanisms in different allopolyploid species. It should be cautioned that the conclusion of "evolved karyotype stability" based on comparisons of natural and synthetic polyploidy cannot rule out the possibility that the actual diploid progenitors leading to the polyploid species formation may have different properties from their extant counterparts used to generate the synthetic polyploids (Gottlieb, 2004) .
Despite karyotype stability, ETW manifested severely anomalous phenotypes at multiple growth/developmental stages relative to natural allotetraploid wheat (T. turgidum subsp durum), as originally reported by Kerber (1964) . These include dwarfed stature, decreased number of tillers, compacted spikes, and reduced fertility (<20% seed set under our conditions) ( Figure 2D ). Given that its bread wheat donor (line TAA10) is normal (Kerber, 1964;  Figure 2D ), the abnormal phenotypes of ETW indicate that the DD subgenome is essential as well as sufficient to compensate for the compromised functionality of the BBAA subgenomes of bread wheat, as confirmed by the fully restored normal phenotypes in the resynthesized allohexaploid wheat (XX329) parented by ETW (Kerber, 1964;  Figure 2D ). Given the wide-ranging phenotypic abnormalities in ETW, we suspect that many (rather than a few) genes may have been affected in its genome. An additional phenotypic observation supporting this possibility was the extreme variability in phenotypes of a single morphological trait, spike shape, in the F2 progeny of a cross between ETW and a durum wheat cultivar (Supplemental Figure 4) . (A) Diagrammatic illustration of the pedigree for the construction of ETW from allohexaploid bread wheat (cv Canthach; our designation is TAA10) by hybridization with a tetraploid line of subsp durum (cv Stewart; our designation is TTR13) and repeated backcrossing to the hexaploid parent and resynthesizing allohexaploid wheat (XX329). This is based on Kerber (1964) with additional backcrossing for two times and selfing for propagations. The same genomes in different colors denote intraspecific differentiation. (B) Karyotypes of bread wheat (cv Canthach; our designation is TAA10), ETW, Ae. tauschii (line TQ18), and XX329 based on sequential FISH using four hybridization probes to identify each chromosome pair. (C) Nearly complete euploidy and lack of gross structural rearrangements in both ETW and XX329 were evidenced by karyotyping 150 randomly chosen plant individuals from each line. (D) Typical phenotypes of the bread wheat donor (line TAA10) to ETW, Ae. tauschii (line TQ18), and the resynthesized allohexaploid wheat (XX329). Severely deteriorated phenotypes in spikes and whole plants are evident in ETW, which, however, are fully restored in the resynthesized allohexaploid wheat (XX329) by crossing ETW (maternal parent) and Ae. tauschii (paternal parent). Notably, although kernels of ETW do not show apparent deterioration, its seed-setting rate is conspicuously reduced to only approximately 20%, which is also fully restored in XX329.
Transcriptome Changes to the BBAA Component of Bread Wheat Reflect Effects of Allohexaploidization and Selection under Domestication
The dramatically altered phenotypes in ETW point to genomic and/or gene expression changes to the BBAA component of bread wheat since its origin. Thus, we compared the transcriptome of ETW with those of T. turgidum, represented by three subspecies, durum (cv TTR13), carthlicum (cv Blackbird), and dicoccoides (line TD265), using the Affymetrix GeneChip Wheat Genome Array with three biological replicates for each genotype. We found 3614 (13.6%), 6898 (26.0%), and 7925 (29.9%) genes being differentially expressed in ETW versus durum, carthlicum, and dicoccoides, respectively (Figures 3A and 3B; Supplemental Table 1 ). We then compared pairwise transcriptome differences between any two of the three natural subspecies of T. turgidum and detected similar numbers of differentially expressed genes to those of ETW versus each of the natural subspecies (Figures 3A and 3C; Supplemental Table 1 ). Together, transcriptome divergence, with respect to expression similarity, among all the analyzed tetraploid wheats led to the following relationships: durum was most similar to carthlicum, which as a subgroup associated with ETW, with these three then associated with dicoccoides ( Figure 3A ). This transcriptome-based relationship in gene expression similarity was consistent with the known evolution and/or domestication histories of these lines: the three lines, durum, carthlicum, and ETW (representing hexaploid bread wheat), are all domesticated forms originating from dicoccoides, perhaps via a common free-threshing primitive accession (Feldman et al., 1995;  Figure 1 ); hence, their more distant relationship with their shared wild progenitor ( Figure 3A ) most likely reflects selection on gene expression under domestication at the tetraploid level. Interestingly, however, ETW, which in theory should be more closely related to durum (which was the most probable tetraploid progenitor of common wheat; Salamini et al., 2002) , was only sister to both the domesticated subspecies of durum and carthlicum as a subgroup ( Figure 3A ). This unexpected relationship at the transcriptome level suggests that the gene expression changes to the BBAA component of bread wheat have, in fact, exceeded the divergence between the two domesticated subspecies, which points to the effects of allohexaploidization and selection under domestication at the hexaploid level.
Next, we analyzed the proportions of upregulated versus downregulated genes for a given comparison. Of the ETW versus each of the three natural subspecies of T. turgidum, durum, carthlicum, and dicoccoides, 2153 (59.6%), 4141 (60.0%), and 5161 (65.1%) genes were upregulated while 1461 (40.4%), 2757 (40.0%), and 2764 (34.9%) genes were downregulated, respectively ( Figure 3B ; Supplemental Table 1 ). These pairwise comparisons revealed an interesting observation: the BBAA transcriptome of ETW has been changed toward a generally higher expression level than those of the three natural subspecies of T. turgidum (differences of upregulation versus downregulation for all three comparisons were statistically significant according to a binomial test [P < 2.2e-16]; Supplemental Table 1 ). Notably, this trend was most pronounced between ETW and dicoccoides (upregulation versus downregulation = 65.1:34.9; P = 4.82e-162), implicating the combined effects of two sequential episodes of allopolyploidization and selection under domestication. To test this further, we analyzed transcriptome differences between ETW and the shared genes between any two and among all three natural subspecies of T. turgidum. We found similar proportions of more upregulated than downregulated genes as those between the pairwise comparisons ( Figure 3D ; Supplemental Table 1 ). Furthermore, we found significantly more upregulation than downregulation between durum and dicoccoides and between carthlicum and dicoccoides, although these were to a lesser extent, relative to that between ETW and dicoccoides ( Figure 3C ; Supplemental Table 1 ). Similar results of higher gene expression levels in domesticated than wild tetraploid wheats were also observed previously for a smaller number of genes (Ayal et al., 2005) . By contrast, the proportion of upregulation versus downregulation in the differentially expressed genes between durum and carthlicum, both being domesticated tetraploid forms, showed the expected 1:1 ratio ( Figure 3C ; Supplemental Table 1 ). Together, these transcriptome comparisons suggest that (1) domestication at the tetraploid level might have significantly increased the expression level of a substantial proportion of genes in durum and carthlicum relative to their common wild progenitor dicoccoides, and (2) this effect may have been further reinforced at the hexaploid level in bread wheat, which has been fixed in the BBAA component of bread wheat, as reflected in ETW. Although we purposely chose three subspecies to broadly represent T. turgidum diversity, we need to acknowledge the alternative possibility that the exact founder genotype of T. turgidum that donated the BBAA genome to hexaploid bread wheat might be different from those we analyzed. This issue is inherent in all studies using model extant accessions to represent actual progenitors of naturally formed polyploids (Gottlieb, 2004) .
The consistent microarray data among the three biological replicates for a given line points to the reliability of these data ( Figure 3A ). This was further tested by real-time quantitative RT-PCR (qRT-PCR) analysis of 36 comparisons (Supplemental Data Set 1) representing upregulation or downregulation between ETW and T. turgidum. It was found that 33 of the 36 analyzed genes (92%) showed consistency between the qRT-PCR data and the microarray data in terms of both expression level and direction (Supplemental Figure 5) , thus validating the reliability of the microarray data and analysis.
To further test if the transcriptome changes to the BBAA subgenomes of bread wheat were under trans-regulation by the DD subgenome, we analyzed gene expression in a resynthesized allohexaploid wheat (XX329) relative to its mid parent values (MPVs). Our assumption was that if the transcriptome changes were not trans-regulated by the DD subgenome, then the affected genes should exhibit additive expression in the resynthesized allohexaploid; conversely, immediate subgenome interactions would occur upon reintroducing the DD subgenome, and hence, nonadditive expression of these genes would be seen in XX329. We analyzed microarray-based expression levels and patterns for the differentially expressed genes from each of the comparisons between ETW and T. turgidum in XX329 relative to its MPVs as two groups, upregulated and downregulated. We found that the vast majority (from 96.1% to 98.2%) of the genes from each pairwise comparison showed additive expression in XX329 relative to its MPV (Supplemental (A) Hierarchical clustering of differentially expressed genes, based on the microarray data, between ETW and each of the three natural allotetraploid subspecies, durum, carthlicum, and dicoccoides, of T. turgidum. All three biological replicates of each line are shown. The color key is indicated at the bottom.
(B) Histograms of the total numbers of differentially expressed genes in each of the three pairwise comparisons between ETW and three subspecies, durum, carthlicum, and dicoccoides, of T. turgidum and numbers of upregulated and downregulated genes (vermilion and blue bars, respectively) in each comparison. (C) Histograms of the total numbers of differentially expressed genes between any two and between common genes of durum and carthlicum versus dicoccoides and numbers and proportions of upregulated and downregulated genes (vermilion and blue bars, respectively) in each comparison. (D) Histograms of the total numbers of differentially expressed genes between ETW and any two or all three subspecies, durum, carthlicum, and dicoccoides, of T. turgidum and numbers and proportions of upregulated and downregulated genes (vermilion and blue bars, respectively) in each comparison. Table 2 ), confirming the lack of immediate trans-subgenome interaction on the expression of these genes after reintroducing the DD genome to the BBAA complement. This striking preponderance of gene expression additivity in XX329 is in line with the observations of Chelaifa et al. (2013) . The small proportion of genes (ranging from 1.8% to 3.9%) that showed nonadditive expression in XX329 relative to its MPVs (Supplemental Figure 6 and Supplemental Table 2) suggest that the expression of this set of genes is trans-regulated by the reintroduced DD genome to the BBAA genome complement in XX329 (Supplemental Figure 6) . We also compared the microarray-based overall gene expression similarity between TAA10 (the bread wheat donor to ETW) and XX329; in theory, the two lines differ only in the D subgenome of different genotypes. We found that these two hexaploid wheats are highly similar in overall gene expression, with only 2.4% (646 of 26,539 expressed genes in seedling leaf tissue) being differentially expressed genes (Supplemental Figure 7) . This analysis confirmed that de novo changes in gene expression arising from the extraction process for producing ETW should be minimal or nonexistent.
To explore whether and to what extent the predominance of additive gene expression was due to the inherent limitation of the microarray platform to differentiate transcripts of the three subgenome homoeologs (e.g., nonadditive expression by individual subgenomes could be masked by reciprocal compensating effects), we selected 14 genes that harbor individual subgenomespecific single-nucleotide polymorphisms (SNPs) for cDNA pyrosequencing analysis. We found that all tested genes showed full expression additivity of the B, A, and D subgenomic gene copies (Supplemental Figure 8 and Supplemental Data Set 2). This suggests that nonadditive but compensating expression by subgenomes is not a prominent feature of XX329.
ETW versus T. turgidum Downregulated Genes Are Enriched for Distinct Gene Ontology Categories
To explore whether the differentially expressed genes between ETW and natural allotetraploid wheat are related to specific functional features, we performed a Gene Ontology (GO) analysis for each differentially expressed gene group. We found that all groups of the ETW versus T. turgidum (durum, carthlicum, and dicoccoides) downregulated genes showed overrepresentation for several categories of genes involved in chloroplast/plastid functions (Supplemental Figures 9A to 9E ). This suggests that the extracted wheat may have been specifically destabilized in processes related to photosynthesis. To test this, we measured the photosynthetic capacity of ETW relative to the two domesticated subspecies (durum and carthlicum) of T. turgidum and the bread wheat (line TAA10) donor of ETW. We found that the photosynthetic capacity of ETW was indeed significantly lower than those of the two domesticated tetraploid wheats and bread wheat (Supplemental Figure 10) , suggesting that the presence of the DD subgenome is important for the high photosynthetic capacity of bread wheat. We also found that, in contrast with the downregulated genes in the ETW versus T. turgidum comparison, upregulated genes in the three natural subspecies showed enrichments for GO categories involved in calcium ion binding and carboxypeptidase activity (Supplemental Figures 10F and 10G) . The other groups of upregulated, differentially expressed genes between ETW and T. turgidum did not show significant category enrichment.
We next performed GO analysis for genes that were differentially expressed between any two of the three natural subspecies of T. turgidum. We found that the durum versus dicoccoides and carthlicum versus dicoccoides upregulated genes showed several enriched GO categories involved in metabolic processes (Supplemental Figures 11A and 11B) , while the downregulated genes showed enriched GO categories involved in the maintenance and regulation of basic cellular activities (Supplemental Figure 11C) . The differentially expressed genes between the two domesticated tetraploid wheat subspecies, durum and carthlicum, did not show any GO enrichment. Together, the GO categories shown by the differentially expressed genes between ETW and all three natural subspecies of T. turgidum were distinct from those between the natural tetraploid subspecies. This further testifies to the unique nature of the transcriptome changes that occurred to the BBAA component of bread wheat in comparison with those due to natural transcriptome divergence at the tetraploid level.
Expression Changes to the BBAA Component of Bread Wheat Are Distinct from Those Due to Divergent Evolution at the Tetraploid Level
The foregoing results documented that substantial, D subgenome-independent, and to an extent functionally distinct transcriptome changes have occurred to the BBAA component of bread wheat (being reflected by ETW) compared with natural tetraploid wheat. The question arises of how the distinct gene expression differences between ETW and T. turgidum compare with that of "normal" divergent evolution of gene expression at the tetraploid level. To address this, we quantified the expression of 111 genes by qRT-PCR in a set of 21 durum wheat cultivars of diverse origins ( Figure 4A ; Supplemental Data Set 3). Notably, these genes were randomly chosen among the ETW versus T. turgidum subsp durum differentially expressed genes identified by the microarray-based transcriptome profiling (Supplemental Data Set 3). Therefore, it is reasonable to assume that results based on this set of genes can be extrapolated to the whole transcriptome. For each of the 111 genes, a P value was calculated to evaluate the statistical significance of the expression level difference between ETW and each of the 21 durum wheat cultivars and each pairwise comparison among the 21 cultivars. For each gene, 21 ETW versus durum and 210 durum versus durum P values were computed by using two-tailed t tests. Our null hypothesis was that the gene expression difference is equal between the ETW versus durum comparisons and the durum versus durum comparisons. Therefore, the 21 P values from ETW versus durum comparisons should contain the same proportion of low P values (<0.05) as those of the durum versus durum comparisons. A Fisher's exact test using these distancemeasuring P values was then applied to test whether the above two proportions are equal on a per gene basis, and thus another set of 111 P values were generated. Finally, a P value was obtained by testing the null hypothesis that this proportion is equal to 0.05.
If the null hypothesis is correct, then the 111 P values obtained from the Fisher's exact test should follow a uniform distribution, meaning that there should be 111 3 0.05 (<6) P values lower than 0.05. Instead, however, we found 35 P values lower than 0.05, rendering the probability in support of the null hypothesis that the two proportions are equal to 0.05 very unlikely (P < 2.2e-16). This statistical analysis indicated that the ETW versus durum comparisons were significantly different from the durum versus durum comparisons for expression level differences of the 111 genes analyzed ( Figure 4B ), suggesting that the changes in gene expression in the BBAA component of bread wheat are distinct from those due to the divergent evolution of gene expression at the tetraploid level among diverse durum wheat cultivars.
Expression Changes to the BBAA Component of Bread Wheat Can Be Either Preferentially to One Homoeolog or Equally to Both Homoeologs
Due to the intrinsic technical limitations of the microarray-or qRT-PCR-based assays, it was unclear whether the transcriptome changes to the BBAA component of bread wheat have preferentially affected transcripts from the B or A subgenome. To gain insight into this issue, we performed cDNA pyrosequencing for a set of low-copy genes in which diagnostic SNPs exist between the B and A homoeologs to enable unequivocal quantification of their relative contributions to the collective transcripts of a given gene. In total, we analyzed 51 genes for which pyrosequencing primers were successfully designed (Supplemental Data Set 2). According to the microarray data, 36 of these 51 genes were differentially expressed between ETW and at least one of the three natural subspecies of T. turgidum, while 15 genes were equally expressed across all lines ( Figures 5A to 5C , left panels). We conducted cDNA pyrosequencing for each of these genes in the three pairwise comparisons between ETW and durum, carthlicum, and dicoccoides. Thus, a total of 153 gene expression data points (51 genes 3 3 pairwise comparisons) were generated, which included both differential and equal overall expression depending on a given comparison.
In the pairwise comparison of ETW versus durum (cv TTR13), 26 of the 51 genes were differentially expressed according to the microarray analysis ( Figure 5A, left panel) . In 14 of these 26 genes, the ratios of the relative expression of the B and A homoeologs were statistically the same in ETW and durum (t test P > 0.05; Figure 5A , right panel, boxed by black rectangles), indicating equal alteration of the B and A transcripts in ETW; in the remaining 12 genes, the ratios of relative expression of B and A were statistically different (t test, P < 0.05; Figure 5A , right panel, boxed by vermilion rectangles), indicating preferential alteration of either the B and A homoeologs for these genes in ETW. The remaining 25 genes were equally expressed in ETW and durum ( Figure 5A , left panel), with 23 of these 25 genes showing unaltered B/A expression in ETW relative to durum (t test, P > 0.05; Figure 5A , right panel, boxed by black rectangles), while for the other two genes, ratios of B and A expression levels were significantly altered but in opposite directions in ETW (t test, P < 0.05; Figure 5A , right panel, boxed by vermilion rectangles), rendering the total transcript amount unaltered ( Figure  5A , left panel). Broadly similar results were obtained in the pairwise comparisons of ETW versus carthlicum (cv Blackbird) and ETW versus dicoccoides (line TD265), although the exact proportions of genes showing equal alteration to both B and A homoeologs or preferential alteration to one of the homoeologs varied across the comparisons (Figures 5B and 5C ). Taking all three pairwise comparisons together, of the 51 genes or 153 expression data points assessed by cDNA pyrosequencing for the differentially expressed genes between ETW and T. turgidum, the proportions showing equal alteration to both homoeologs and preferential alteration to one of the homoeologs is ;1:1. Of this set of analyzed genes or expression data points, we did not observe a differential propensity to expression alteration between the B and A subgenomes. For those genes that were equally expressed between ETW and T. turgidum, in most cases transcripts of both homoeologs remained unchanged ( Figure 5 ).
Transcriptome Changes to the BBAA Component of Bread Wheat May Have Occurred Rapidly Subsequent to Allohexaploidization but with Evolutionary Persistence across Genotypes
A pertinent question to ask is when did the transcriptome changes to the BBAA subgenomes in bread wheat arise? To address this question, we analyzed the expression patterns (based on microarray data) for the upregulated and downregulated genes as two groups for each of the three pairwise comparisons involving ETW (ETW versus durum, carthlicum, or dicoccoides) in a newly synthesized, eight-generation-old Heat maps of equal or differential expression for each of 51 genes (Supplemental Data Set 2) in ETW relative to each of the three natural subspecies of T. turgidum, durum (cv TTR13) (A), carthlicum (cv Blackbird) (B), and dicoccoides (line TD265) (C), as collective transcripts for each gene based on the microarray data of three biological replicates (left panels) and the relative transcript contribution by the B and A subgenomes for each gene based on cDNA pyrosequencing data (right panels). Differential (top part of each panel) or equal (bottom part of each panel) expression between ETW and each of the three natural subspecies for each of the 51 analyzed genes were determined by statistically significant (FDR, P < 0.05) fold changes (FC) of the microarray data (three biological replications). The relative transcript contribution by the B and A subgenomes for each gene is calculated based on mean ratios of pyrosequencing data of three biological replicates using the same cDNAs as for the microarray analysis. Equal or preferential changes to the B and A subgenome transcripts were determined according to statistically insignificant (t test, P > 0.05) or significant (t test, P < 0.05) changes of the B versus A subgenome transcript ratios between the two partners of each pairwise comparison, which are marked by black and vermilion rectangles for the 51 analyzed genes, respectively. The color keys are indicated. allohexaploid wheat (Allo960; genome, BBAADD) relative to its MPVs (Zhang et al., 2013b) . The rationale is that if immediate modification occurred to the expression of these genes upon allohexaploidization, then the affected genes should show nonadditive expression patterns in the synthetic allohexaploid wheat; otherwise, additive expression is expected. We found several things. (1) The majority of both (upregulated and downregulated) groups of genes of each pairwise comparison showed an additive expression pattern in Allo960 relative to its MPV, which ranged from 84.5 to 89.6% (Supplemental Figure 12 and Supplemental Table 3 ). This suggests that the majority of these ETW versus T. turgidum expression-altered genes did not show an immediate change in expression upon allohexaploidization; therefore, their altered expression in the BBAA subgenomes, as reflected in ETW (Figure 3 ; Supplemental Table 1) , entailed a longer time to accomplish. (2) A small but substantial portion of genes from each upregulated and downregulated group for these genes did show nonadditive expression in Allo960 relative to its MPVs (from 10.4 to 15.5%; Supplemental Figure 12 and Supplemental Table 3 ). These proportions of nonadditive expression were significantly higher (x 2 = 92.11026, P < 0.001) than the proportions expected from random sampling of a similar number of genes from the total of 26,539 expressed genes with a nonadditive expression frequency of 9.4% in Allo960. This suggests that the ETW versus T. turgidum differentially expressed genes were more prone to immediate modification in expression following allohexaploidization than those that did not differentiate in expression between the two types of tetraploid wheats. (3) The downregulated group of the nonadditively expressed genes showed the altered expression pattern that mirrors their relative expression levels in the ETW versus each of the three natural tetraploid wheat subspecies of T. turgidum (Supplemental Figures 12E to 12H and Supplemental Table 3 ). That is, the ETW versus T. turgidum downregulated genes also showed more downregulation than upregulation (73.7 to 86.0% versus 14.0 to 26.3%; t test, P < 0.05) in Allo960 relative to its MPVs.
To address the question of whether the modified expression in the BBAA component of bread wheat might have been selected for during allohexaploid wheat evolution, we tested the extent of expression level conservation for a set of the ETW versus T. turgidum subsp durum downregulated genes among different bread wheat genotypes. The rationale to choose the ETW versus durum downregulated genes for this purpose, apart from their distinct expression patterns in Allo960, described above, was because these genes showed unique GO categories (Supplemental Figure 9 ) and, therefore, were more likely to reflect the distinct expression changes to the BBAA subgenomes of bread wheat. We conducted qRT-PCR analysis coupled with cDNA pyrosequencing for nine ETW versus durum (cv TTR13) downregulated genes in which transcripts of each subgenome could be unequivocally distinguished in all 21 bread wheat cultivars of diverse origins (Supplemental Figure 13 and Supplemental Data Set 2), generating 189 expression data comparisons (9 genes 3 21 genotypes). The qRT-PCR results indicated that in the majority of the comparisons (126 of 189), expression in the bread wheat cultivars showed significantly lower levels (t test, P < 0.05) than in durum (cv TTR13) (Supplemental Figure 13A) . For the remaining comparisons (63 of 189), total expression levels in bread wheat were similar to or higher than those in durum (cv TTR13) (Supplemental Figure 13A) , which might be due to compensation by the DD subgenome transcripts. This was confirmed after subtracting the transcripts contributed by the DD subgenome (determined by cDNA pyrosequencing; Supplemental Figure 13B ), as substantially more comparisons (159 of 189) showed significantly lower expression levels in the BBAA subgenomes (t test, P < 0.05) than in durum (cv TTR13) (Supplemental Figure 13A) . These results suggest that expression levels of the BBAA subgenomes for a majority of the 189 gene 3 genotype comparisons were conserved in the course of natural and human selection in these bread wheat cultivars, implying that at least some of the gene expression modifications to the BBAA component of bread wheat occurred early and are under selective constraint. The cDNA pyrosequencing results also revealed that expression changes for these genes can be either in one or both of the B and A homoeologs, depending on a given gene 3 genotype combination across the 21 diverse bread wheat cultivars (Supplemental Figure 13B) , similar to the changes observed in ETW versus T. turgidum ( Figure 5 ). We reiterate here the same caution regarding the unknown exact parentage of the polyploids used (Gottlieb, 2004) .
DISCUSSION
Karyotype stability is usually a hallmark of established allopolyploid species (Comai, 2005; Hollister et al., 2012; Yant et al., 2013; Bomblies and Madlung, 2014; Henry et al., 2014) . Although exceptions to this general rule have been documented recently in Brassica (Xiong et al., 2011) and Tragopogon (Chester et al., 2012) , in which both structural chromosomal rearrangements and aneuploidy are abundant and even transgenerationally persistent, stabilized euploidy has selective advantages over aneuploid individuals in the long run. For polyploid wheat at two ploidy levels, extensive whole-chromosome aneuploidy was found to be generally and persistently associated with nascent allohexaploid wheats mimicking bread wheat in genome composition (Zhang et al., 2013b) . Given that bread wheat has a stable karyotype, and assuming that the actual founder cross combination giving rise to bread wheat behaved the same as the synthetic lines studied (Zhang et al., 2013b ), a mutation-based karyotype stabilization mechanism likely has evolved to confer this phenotype, as in other plants (Hollister et al., 2012; Yant et al., 2013; Bomblies and Madlung, 2014; Henry et al., 2014) . If this is the case, we show here that the evolved karyotype stabilization mechanism in bread wheat is not only fully preserved in the extracted BBAA component of bread wheat but also exerts control in resynthesized allohexaploid wheat (XX329). Although it is known that the Ph1 locus located on the long arm of chromosome 5B controls chromosome stability in bread wheat (Griffiths et al., 2006 , and references cited therein), we argue that Ph1 is unlikely to have played a major role in the initial karyotype stabilization in nascent allohexaploid wheats, because T. turgidum harbors a functional Ph1 locus and yet the allohexaploid wheats it parented have unstable karyotypes (Zhang et al., 2013b) . Therefore, additional mechanism(s) might be required for the initial karyotype stabilization following allohexaploidization in bread wheat evolution, which may function collaboratively with, or be eventually replaced by, the Ph1 locus inherited from T. turgidum. In parallel, Ph1 also cannot be responsible for the intrinsically stabilized karyotypes of newly formed tetraploid wheats with a genome composition SSAA (analogous to BBAA of T. turgidum), because the diploid parental species involved did not contain this gene (Zhang et al. 2013a ). Moreover, immediate numerical karyotype stability following allopolyploidization appears also to be the case in Nicotiana (Kar et al., 2004) , although in this genus, no Ph1-like gene has been found. Regardless, our documentation of karyotype stability in the extracted BBAA component of bread wheat has implications for further exploring the initial karyotype stabilization mechanism(s) responsible for the establishment of bread wheat as a stable euploid species.
The evolution of gene expression is a driving force for phenotype diversification in all organisms. Polyploidy, being ubiquitous in the evolutionary histories of higher plants (Soltis and Soltis, 2009 ), has provided novel avenues for the innovation of gene expression. Recent studies have shown that allopolyploidization may induce a cascade of rapid as well as evolutionarily accruing alterations in gene expression (Wendel, 2000; Adams et al., 2003; Hegarty et al., 2006; Wang et al., 2006; Chaudhary et al., 2009; Pumphrey et al., 2009; Rapp et al., 2009; Akhunova et al., 2010; Chagué et al., 2010; Buggs et al., 2011; Grover et al., 2012; Li et al., 2014) . This phenomenon has been collectively termed "transcriptome shock" (Hegarty et al., 2006; Buggs et al., 2011) , sensu the "genome shock" proposed by McClintock (1984) , referring to situations of dramatic restructuring of a hybrid genome. Although the molecular mechanisms remain elusive, allopolyploidy-induced transcriptome shock is suggested to involve (1) interactions between diverged parental regulatory networks, (2) stoichiometric disruptions due to the incongruence between WGD and differential dosage sensitivity among genes and pathways, and; (3) de novo genetic and heritable epigenetic alterations in allopolyploids (Wendel, 2000; Osborn et al., 2003; Riddle and Birchler, 2003; Adams and Wendel, 2005; Comai, 2005; Chen, 2007; Doyle et al., 2008; Soltis and Soltis, 2009; Jackson and Chen, 2010; Birchler, 2012; Madlung and Wendel, 2013) . With respect to subgenome(s) of a given allopolyploid, transcriptome alterations can be either "reversible," if they were due to causes 1 and 2, or "irreversible," if causally linked to cause 3. Of course, if the causes are interwoven, the situation will be more complex.
These observations of novel gene expression patterns in allopolyploids have advanced our understanding of allopolyploid evolution and suggested key features that in at least some circumstances may be advantageous (reviewed in Comai, 2005; Chen, 2007; Otto, 2007; Soltis and Soltis, 2009; Madlung and Wendel, 2013) . However, all the results obtained thus far regarding allopolyploidization-associated alterations in gene expression have been based on the analysis of existing allopolyploid species in their genomic entirety. That is, altered expression of a given subgenome (s) within an allopolyploid species has been studied only in the presence of its cohabiting subgenome(s), thus obstructing any assessment of transcriptome changes to a specific subgenome(s), because it is not possible to disengage subgenome-specific changes from confounding effects (e.g., trans-acting factors) by the other subgenome(s) at the organismal level. This issue, however, is important not only with respect to dissecting possible subgenomespecific transcriptome changes and their attendant biological effects but also in terms of designing novel biotechnological manipulations targeting specific homoeologs.
That ETW with the BBAA component of bread wheat is phenotypically compromised points to its fundamentally altered functionality. Given the short evolutionary time span of bread wheat since allohexaploidization and the stable karyotype of ETW, it is conceivable that transcriptome alterations likely contribute to phenotypic abnormality. Here, we show that extensive and, to an extent, functionally distinct changes in gene expression to the BBAA component of bread wheat have indeed occurred during its evolutionary residence at the allohexaploid level. This conclusion is reached based on multiple lines of evidence: (1) the greater than expected global gene expression difference between ETW and its closest natural counterpart, durum wheat (cv TTR13), based on direct transcriptome comparisons; (2) a collectively distinct expression pattern in ETW compared with a set of diverse durum wheat cultivars for >100 genes by qRT-PCR assay, which were randomly selected among the ETW versus T. turgidum subsp durum differentially expressed genes; (3) enriched distinct GO categories by the ETW versus T. turgidum downregulated genes; and (4) the near absence of trans-regulation on the ETW versus T. turgidum differentially expressed genes by the newly added DD genome in a resynthesized allohexaploid wheat (XX329). Together, our results indicate that the transcriptome changes in the BBAA subgenomes of bread wheat bear signatures distinct from normal divergent transcriptome evolution at the tetraploid level, thus pointing to a unique impact of the allohexaploid trajectory on the transcriptome evolution of its constituent subgenomes.
Generally, both genetic and epigenetic mechanisms (Madlung and Wendel, 2013) might have been responsible for the heritable transcriptome changes to the BBAA component of bread wheat. First, rapid and substantial DNA loss has been shown to accompany allohexaploidization in wheat (Feldman et al., 1997; Liu et al., 1998; Ozkan et al., 2001 Ozkan et al., , 2003 Eilam et al., 2008) . Consistent with these earlier findings, recent genomics-based studies of bread wheat revealed that gene loss occurred extensively (Brenchley et al., 2012) , particularly from the B and A subgenomes (Pont et al., 2013) . Moreover, other kinds of genetic alterations, such as gene conversion, copy number variation, and transposition (Saintenac et al., 2011) , may also have contributed to permanent changes of the BBAA transcriptome, although unlike other allopolyploid plants, such as Brassica (Pires et al., 2004) and Tragopogon (Buggs et al., 2012) , "canonical" intergenomic rearrangements are infrequent in bread wheat due to its exclusive diploid-like meiosis. However, in this respect, two recent studies in allotetraploid cotton (Gossypium hirsutum), which also shows typical diploid-like meiosis, are illuminating in that they document incidents of nonreciprocal homoeologous exchanges, perhaps via some novel mechanism (Salmon et al., 2010; Flagel et al., 2012) . Second, extensive alternative splicing (Akhunova et al., 2010; Akhunov et al., 2013) and heritable epigenetic alterations may have contributed to the transcriptome changes to the BBAA component of bread wheat (Shaked et al., 2001; Zhao et al., 2011) . Indeed, it has been documented in bread wheat that permanent silencing of gene homoeologs can be caused by altered DNA methylation (Shitsukawa et al., 2007; Hu et al., 2013) . Interestingly, in most of these documented individual cases, both genetic and epigenetic alterations were found to be involved in loss of function or silencing of different homoeologs of the same gene, suggesting the remarkable ability of bread wheat to partition genetic and epigenetic mechanisms for silencing of different homoeologous alleles. The generality of this conclusion merits further investigation.
The observation that for a given gene the transcripts can be changed in either or both of the B and A homoeologs, or even to opposite expression directions, points to the remarkable variation in subgenome expression modifications. This suggests that the intuitive thought of convergent evolution between or among the subgenomes conditioned by allopolyploidy does not necessarily compromise the "degree of freedom" for expression diversification of gene homoeologs. It also is conceivable that constraints imposed by the stoichiometry of gene products, which at the gene regulatory level entails balanced expression of genes with functional connectivity (Birchler and Veitia, 2007, 2012) , might impose limitations on the spectrum of expression diversification that the subgenomes may explore.
Although the majority of the transcriptome changes of the BBAA subgenomes appear to have accrued since bread wheat's origin via allohexaploidization, a substantial portion of these genes are immediately regulated following allohexaploidization, as reflected by the significantly higher than expected proportion of nonadditively expressed genes in the newly synthesized allohexaploid wheat (Allo960). A particularly interesting observation is that the downregulated genes in the nascent allohexaploid wheat (due to nonadditive expression) are comparable to those seen in ETW (showing additive expression). This suggests that immediate trans-regulation on the expression of the BBAA subgenomes due to addition of the DD subgenome is likely a transitory, compensatory mechanism, which would be replaced by more stable cis-acting regulation of additive expression in the course of bread wheat evolution. This suggests that functional "independency" of the subgenomes in bread wheat (Brenchley et al., 2012) has been "restored" by creative tinkering in the course of the allohexaploid evolutionary trajectory rather than being merely passive legacies of the parental state. This hypothesis may reconcile the conundrum between the chaotic gene expression state widely associated with nascent allopolyploidy and the stabilized expression profiles in established allopolyploids. Furthermore, we show by coupled qRT-PCR and pyrosequencing analysis of a subset of ETW versus durum (cv TTR13) downregulated genes that a great majority of the modified expression levels in the BBAA subgenomes are shared by the 21 studied bread wheat cultivars of diverse origins, which suggests the early occurrence and evolutionary persistence of altered expression. Although a similar phenomenon of rapid occurrence and evolutionary conservation of altered gene expression has been observed previously in other plant taxa, such as Arabidopsis (Wang et al., 2006) , cotton (Grover et al., 2012) , Senecio (Hegarty et al., 2006) , and Tragopogon (Buggs et al., 2011) , our results represent unequivocal documentation of rapid and functionally distinct transcriptome alterations in subgenomes of any extant allopolyploid organism without the complication of a coexisting subgenome. This can be accomplished only by reliberating the genetically "colonized" subgenomes as fully "independent" organismal genomes.
METHODS
Plant Materials
An allotetraploid wheat (designated as ETW) with an "extracted" genome (BBAA) of the allohexaploid bread wheat (Triticum aestivum cv Canthach; designated as TAA10) was produced and kindly provided by E. Kerber. Details for the production of ETW were described (Kerber, 1964) and are outlined in Figure 2 . ETW was backcrossed to TAA10 as the recurrent parent for two additional times and then propagated via self-pollination in our hands for five more generations. The resynthesized allohexaploid wheat (XX329; Kerber designation RL 5405) was produced by crossing ETW (as maternal parent) with Aegilops tauschii subsp strangulata (line RL 5288; our designation is TQ18) (as paternal parent), followed by genome doubling with colchicine treatment by E. Kerber. XX329 was also propagated via self-pollination in our hands for five more generations. The newly synthesized allohexaploid wheat (Allo960) was produced by crossing Triticum turgidum subsp carthlicum (cv Blackbird) (as maternal parent) with Ae. tauschii line 30A (as paternal parent), followed by genome doubling with colchicine treatment, which were then self-pollinated for up to eight generations. All plants, both synthetic and natural, were grown in chambers under controlled conditions at 24/20°C day/night of 16-h daylength.
Sequential FISH and GISH
This protocol was essentially as described by Kato et al. (2004) with minor modifications (Zhang et al., 2013b) .
Microarray Hybridization
Total RNA was extracted using Trizol reagent (Invitrogen) and purified by RNeasy Mini Spin Columns (Qiagen). The integrity of RNA was checked with the Agilent Bioanalyser 2100 Eukaryote Total RNA Nano Series II system. The microarray analysis was performed using RNA isolated from the second leaf of 3-week-old seedlings. Pooled seedlings (10) were used for each line, with three biological replicates. The RNAs of the parental lines (T. turgidum and Ae. tauschii or ETW and Ae. tauschii) were mixed at a ratio of 2:1 to generate the empirical MPVs for each of the synthetic allohexaploid lines. Microarray transcriptional profiling was performed by Affymetrix at the Gene Company, as described in the GeneChip Expression Analysis Technical Manual. The microarray data have been submitted to the National Center for Biotechnology Information's Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/) and are available under the accession number GSE47617.
Microarray Data Normalization and Analysis
The raw CEL data were normalized with the robust multichip average method using the R software limma package. Genes that were differentially expressed among genotypes were identified by performing the t-moderated test ebayes (Smyth, 2004) , and the raw P values were adjusted for multiple testing effects by the Benjamini and Yekutieli method (false discovery rate [FDR] < 0.05). The present or absent calls of each probe set were determined by the MAS5 method using R software. Differently expressed genes that did not show present calls in all three biological replications of at least one genotype were excluded from further analysis (Aprile et al., 2009) , and 26,539 genes were detected as expressed in the current study.
Real-Time qRT-PCR
Five micrograms of total RNA was isolated from triplicate samples of each genotype and reverse transcribed to cDNA using the SuperScript firststrand synthesis kit (Invitrogen) according to the manufacturer's instructions. PCR amplification was performed with SYBR Green Real-Time PCR Master Mix reagent (Toyobo) on a StepOne Plus Real-Time PCR apparatus (Applied Biosystems), and the amplification conditions were as follows: 95°C for 1 min, followed by 40 cycles of 95°C for 5 s and 60°C for 1 min. Primers for all analyzed genes were designed by Primer Premier 5 using the consensus sequence of each gene (probe set) available at the Affymetrix website (http://www.affymetrix.com/estore/browse/products. jsp?navMode=34000andproductId=131517andnavAction=jumpandaId= productsNav#1_3). Two housekeeping genes, encoding GADPH and actin (Schreiber et al., 2009) , were used to normalize the expression data. Primers are listed in Supplemental Data Set 1.
Subgenome-Specific cDNA Pyrosequencing
The protocol was essentially as reported by Mochida et al. (2003) with modifications detailed by Zhang et al. (2013b) . Primers of single-copy genes for which diagnostic SNPs exist between the two subgenomes (B and A) or among all three subgenomes (B, A, and D) were designed (Supplemental Data Set 2) and verified by the pyrosequencing system (PyroMarkID Q96; Biotage). The diploid progenitors of bread wheat, Triticum urartu (AA) and Ae. tauschii (DD), were used to assign SNPs to the A and D subgenomes, respectively, while the B subgenome SNPs were determined using tetraploid wheat, T. turgidum. Biotinlabeled PCR products were immobilized on streptavidin-coated paramagnetic beads. Capture of biotinylated single-stranded PCR products, annealing of the sequencing primer, and solid-phase pyrosequencing were performed following the manufacturer's recommendations.
Gene Annotation
GO annotations were performed using agriGO (http://bioinfo.cau.edu.cn/ agriGO/index.php); the Singular Enrichment Analysis tool was used to do the GO annotations and significant GO term enrichment analysis (Du et al., 2010) , which computed GO term enrichment in one set of genes by comparing it with another set, named the target and reference list, respectively. Enrichment was calculated by Fisher's exact test with Hochberg's multitest adjustment (FDR, P < 0.05).
Measurements of Photosynthetic Capacity
Net photosynthetic rate in ETW relative to the two domesticated subspecies of natural allotetraploid wheat, durum and carthlicum, and bread wheat (line TAA10), was measured by a portable open-flow gas-exchange system (LI-6400; LICOR). Net photosynthetic rate was determined on fully expanded leaves at 9:30 to 10:30 AM.
Accession Numbers
Detailed information including gene accession numbers of all genes studied in this article is listed in Supplemental Data Sets 1 to 3. The microarray data have been submitted to the National Center for Biotechnology Information's Omnibus repository (http://www.ncbi. nlm.nih.gov/geo/) and are available under the accession number GSE47617.
Supplemental Data
The following materials are available in the online version of this article. Supplemental Table 1 . Differentially Expressed Genes between ETW and Each or All Three Subspecies of T. turgidum, durum (cv TTR13), carthlicum (cv Blackbird), and dicoccoides (Line TD265), Based on the Microarray Data.
Supplemental
Supplemental Table 2 . Expression Pattern of the Upregulated and Downregulated Genes between ETW and Each of the Three T. turgidum Subspecies, durum (cv TTR13), carthlicum (cv Blackbird), and dicoccoides (Line TD265), as Well as between Any Two of the Three Subspecies, in the Resynthesized Allohexaploid Wheat XX329.
Supplemental Table 3 . Expression Pattern of the Upregulated and Downregulated Genes between ETW and Each of the Three T. turgidum Subspecies, durum (cv TTR13), carthlicum (cv Blackbird), and dicoccoides (Line TD265), as Well as between Any Two of the Three Subspecies, in a Newly Synthesized Allohexaploid Line (Allo960). 
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